The symbiotic interaction between legumes and rhizobia results in root nodules with nitrogen-fi xing bacteroids. Throughout the lifespan of the nodules, the exchange of C sources and N compounds between the host plant and the bacteria is tightly balanced. Sucrose plays a major role in the provision of C skeletons and energy to the bacteroids. Transcription of MtATB2 , encoding a bZIP transcription factor, is shown to be regulated by sucrose and is enhanced during nodule senescence. Transcripts occur in the nodule apex and in the vascular tissue of nodules and roots. Ectopic expression of the gene diminished nodule formation and affected root growth. Presumably, Mt ATB2 controls processes that are under sucrose homeostasis and are important for nodule and root growth.
Introduction
Several members of the legume family have the ability to establish a symbiosis with rhizobia and to make new root organs, the nodules, to house the nitrogen-fi xing microsymbionts. Nodule organogenesis is a plant developmental program that is triggered by bacterial signals, the lipochitooligosaccharidic nodulation factors. A nodule primordium is formed and invasion is prepared. In the model legume Medicago truncatula , the primary invasion occurs transcellularly via infection threads in developing root hairs ( Jones et al. 2007 ).
Mature nodules of M. truncatula are of the indeterminate type, with a central part that consists of an apical meristem, an infection zone, a fi xation zone and a senescence zone. In the fi xation zone, the infected plant cells harbor the symbiosomes, the nitrogen-fi xing bacteroids surrounded by a peribacteroid membrane. For nodule functioning, the carbon and energy sources are provided mainly as sucrose derived from photosynthesis and transported via the phloem. Sucrose is cleaved to hexoses that are further converted to C4 carboxylic acids that presumably are the major C compounds delivered to the symbiosomes ( White et al. 2007 ). The central part of the nodule is surrounded by peripheral tissues with vascular bundles connected to the root vasculature.
Cells of the fi xation zone have a limited functional lifespan. They are continuously replenished by meristem descendants, while old cells senesce. In M. truncatula , this developmental nodule senescence is an organized process that is accompanied by degradation fi rst of the bacteroids and then of the plant structures, and is associated with nutrient recycling and remobilization of resources ( Van de Velde et al. 2006 ) . During the lifespan of the nodule, the senescence zone keeps expanding, but remains surrounded by a functional peripheral zone.
In a trancriptome analysis, several tags have been identifi ed that were up-regulated during developmental nodule senescence ( Van de Velde et al. 2006 ) . Previously a group of up-regulated cysteine proteases (CPs) were reported to be excellent markers for developmental nodule senescence ( Pérez-Guerra et al. 2010 ) . Here, the nodule senescence-up-regulated gene MtATB2 is analyzed. The MtATB2 gene codes for a protein with high similarity to the AtATB2/bZIP11 gene of Arabidopsis thaliana , which belongs to a subgroup of the S class bZIP transcription factors (TFs) that are translationally repressed by sucrose ( Rook et al. 1998b , Wiese et al. 2004 ). Transcription of MtATB2 was regulated by sucrose and localized to vascular tissues and root and nodule apices. Ectopic expression affected root growth and nodule number. Our data strongly hint at a function for Mt ATB2 similar to that of At ATB2 in linking target gene expression to sucrose homeostasis.
Results

Sequence analysis of MtATB2
By transcript profi ling of developmental nodule senescence, a tag TC115786 had been identifi ed that was enriched in aging nodules and showed sequence homology with genes encoding bZIP-like proteins ( Van de Velde et al. 2006 ) . The corresponding 471 bp long open reading frame (ORF) was amplifi ed from nodule cDNA. BlastN searches against the IMGAG Mt2.0 annotation of the M. truncatula genome ( www.medicago.org ) revealed a 100 % overlap with the annotated gene 26.5 of the bacterial artifi cial chromosome (BAC) clone AC121244 ( Fig. 1A ) . No introns were found in the genomic sequence. As, by means ( Rook et al. 1998a ) . Analysis with Interproscan ( Quevillon et al. 2005 ) of the Mt ATB2 protein sequence confi rmed the presence of a bZIPlike domain that harbors a basic region and a leucine zipper with nine-heptad repeats ( Fig. 1A ) . WoLF PSORT analysis ( Horton et al. 2007 ) predicted a nuclear localization signal (the RKRKR motif within the basic domain; Fig. 1A ). TBlastX and BlastP searches in the M. truncatula genome revealed a closely related gene on the BAC clone, AC140722 (gene AC140722.11) , of which the deduced amino acid sequence was 82.3 % similar to that of MtATB2 and 70.1 % similar to that of AtATB2/bZIP11 .
MtATB2
MYP-ILSEIFFSGGCMINSTVRRRTHLVQSFSVAFLYWL---YYVS
The 5 ′ -untranslated region (5 ′ UTR) of AtATB2 / bZIP11 contains four overlapping small upstream ORFs (uORFs) encoding peptides of 18, 42, 5 and 19 amino acids. uORF2 was found to be necessary for sucrose-induced repression of translation ( Rook et al. 1998b , Wiese et al. 2004 ). In the 5 ′ UTRs of the related M. truncatula genes, three overlapping uORFs were found ( Fig. 1A ) . The 17 amino acid peptides encoded by the uORF1 of MtATB2 and AC140722.11 were 88.9 % similar to each other and showed 73.0 and 68.4 % similarity, respectively, to uORF1 of AtATB2/bZIP11 ( Fig. 1B ) . The uORF2s of MtATB2 and AC140722.11 were 93.0 % similar to each other and showed 80.9 and 82.6 % similarity to the uORF2 of AtATB2/bZIP11 , respectively ( Fig. 1B ) . The peptides encoded by the third uORF showed low similarity to each other (<50 % ).
MtATB2 is a potential TF
The presence of a DNA-binding bZIP domain and a nuclear localization signal motif suggests that Mt ATB2 might function as a TF. To investigate the nuclear localization, we fused the ORF of Mt ATB2 to the enhanced green fl uorescent protein (eGFP) for transient expression by infi ltration into tobacco ( Nicotiana benthamiana ) leaves. The fusion proteins were visualized by confocal microscopy. As controls for both nuclear and cytosolic localizations, eGFP and eGFP fused to the protein dimerization partner b ( At DPb) (eGFP-At DPb) were used ( Kosugi and Ohashi 2002b ) ; the control for the nuclear localization was an eGFP fusion with the TF E2 promoter-binding factor c ( At E2Fc) ( del Pozo et al. 2002 ) . Both eGFP and eGFPAt DPb were present in the cytosol and nucleus, whereas eGFP-At E2Fc and eGFP-Mt ATB2 were seen only in the nucleus of the transformed cells ( Fig. 2A-D ) . The faint localization seen around the cell wall for eGFP-Mt ATB2 is background.
To analyze whether Mt ATB2 has transcription activation capacity, a yeast assay was carried out. The ORF of MtATB2 was fused to the DNA-binding domain (BD) of GAL4 in the pGBT9 Gateway vector and introduced into the Saccharomyces cerevisae MAV203 strain that contains the histidine biosynthesis gene HIS3 controlled by a promoter that is recognized by the GAL4-BD. Transformants were plated on histidine-free medium with increasing concentrations of 3-amino-1,2,4-triazole (3-AT), a competive inhibitor of histidine biosynthesis. As negative control, an empty pGBTgate vector was introduced, whereas, as positive control, the GAL4-BD was fused to the ORFs of At E2Fa and DP-E2F-like ( At DEL1), described as activating and repressing TFs, respectively Ohashi 2002a , Kosugi and Ohashi 2002b ) . The yeast strain with the Mt ATB2 fusion protein grew on medium containing 5 mM 3-AT ( Fig. 2E ), but growth was restricted on increased 3-AT concentrations. A similar behavior was seen for the yeast strains containing the empty vector or the fusion protein At DEL1, while the yeast strain with the At E2FA fusion protein could still grow at a concentration of 40 mM 3-AT. In conclusion, no activation activity could be demonstrated for Mt ATB2 with this yeast assay. Thus, Mt ATB2 might act as a repressor or need to interact with other proteins to activate transcription of target genes.
MtATB2 expression analysis by quantitative reverse transcription-PCR (qRT-PCR)
To quantify MtATB2 transcript levels during nodulation and upon senescence, a qRT-PCR analysis was done on uninfected roots, developing nodules and mature nodules of different age. A slight increase in transcript level was observed in mature healthy fi xing nodules ( Fig. 3 ). The expression of MtATB2 was enhanced in senescing nodules and was 8-fold higher in fully senescent nodules than in roots ( Fig. 3A ). For comparison, the same material was analyzed by qRT-PCR with primers specifi c for the early senescence marker MtCP6 ( Pérez- Guerra et al. 2010 ) ( Fig. 3B ). The MtCP6 transcript levels strongly increased in nodules carrying a small or medium senescence zone, but decreased in fully senescent nodules ( Fig. 3B ) .
Investigation of the tissue-specifi c expression of MtATB2 revealed that the MtATB2 transcripts occurred in all investigated plant tissues, such as roots, stems, leaves and fl owers, with a 4-fold up-regulation in stems compared with root tissues ( Fig. 3C ). Because the MtATB2 induction correlated with nodule senescence and because the gene was also ubiquitously expressed, we analyzed whether the MtATB2 induction could be observed in other types of senescent tissues, such as leaves. Samples of leaves at three different stages of senescence were harvested for qRT-PCR analysis ( Fig. 3D ) . A 2-fold increase in MtATB2 transcripts was observed during progression of leaf senescence ( Fig. 3D ) .
As MtATB2 is closely related to the light-and sucroseregulated gene AtATB2 , qRT-PCR was used to quantify the MtATB2 transcript levels in seedlings grown under light and dark conditions at different sucrose concentrations. Seedlings were harvested after 5 d of treatment. In the absence of sucrose, the MtATB2 transcript levels were 4-fold higher in light-vs. dark-germinated seedlings ( Fig. 4 ) . MtATB2 transcript levels increased when seedlings were germinated in the dark on medium containing 100 mM sucrose and reached a level comparable with that in seedlings germinated in the light without sucrose. The MtATB2 expression decreased when seedlings were germinated in the light on medium supplemented with sucrose ( Fig. 4 ) .
Thus, the MtATB2 transcripts were present in all investigated plant tissues and the transcript levels were enhanced during nodule and, to a lesser extent, during leaf senescence. qRT-PCR analysis of MtATB2 in nodules at different developmental stages. Root, uninfected N-starved root hair growing zone; attach, nodulation-sensitive root zone 5 days postinoculation (dpi) with bacterial attachment; prim 1, early nodule primordia with infection threads that had not yet invaded the cortex (7 dpi); prim 2, late primordia stage with infection threads branching inside the primordium (8 dpi); fi x nod 1, round fi xing nodule; fi x nod 2, elongating fi xing nodule; sen nod 1, nodule with < 50 % senescence; sen nod 2, nodule with > 50 % senescence; sen nod 3, fully senescent nodule. Moreover, the expression levels seemed to be tightly controlled by light and sucrose.
pMtATB2-5 ′ UTR:uidA analysis in transgenic roots
The 2 kb promoter together with the 5 ′ UTR sequence, containing the uORFs, was fused to the ORF of the β -glucuronidase (GUS)-coding gene of Escherichia coli ( uidA ) and introduced into roots via Agrobacterium rhizogenes -mediated transformation. With this construct, GUS staining of roots and nodules should reveal a combination of transcriptional control at the level of promoter activity and eventual translational regulation by uORFs. GUS staining was observed in the vascular tissue of roots, but not in incipient nodule primordia ( Fig. 5A ) .
In young nodules, GUS staining was seen in the apex and in the nodule vascular tissue ( Fig. 5B ). This expression pattern did not change in senescing nodules ( Fig. 5C ). Sectioning of the mature nodule showed GUS staining in the parenchyma cells that surround the nodule meristem, in the meristematic cells, nodule parenchyma and cells of the nodule vascular tissue ( Fig. 5D-F ) . In some strongly expressing lines, GUS was also visible in uninfected cells of the upper part of the nodule and, to a lesser extent, in the nodule cortex and infected cells ( Fig. 5E ). For a more detailed analysis, plants were divided into classes according to their nodule number. Classes were arbitrarily defi ned per experiment based on the highest nodule number of the control or 35S:MtATB2 lines, which represented 100 % . Four classes were defi ned: lines without nodules and with nodule numbers varying from 1 to 33 % , 34 to 66 % and 67 to 100 % . Per class, the percentage of lines was calculated and compared with the percentage of the same class in the control experiment. For all three experiments, the percentage of non-nodulating plants in the 35S:MtATB2 lines was higher than that of control lines ( Fig. 6A-D ) . The division over the different classes varied signifi cantly between the control and 35S:MtATB2 lines ( P < 0.001). The ectopic expression yielded more non-nodulated roots, and fewer nodules were counted on nodulated roots than in the control, indicating that the ectopic expression of MtATB2 resulted in a reduced nodule number ( Fig. 6D ) .
Ectopic expression of MtATB2 in transgenic roots
Next, the root length of all transgenic lines was measured. This analysis showed that the average root length of control lines was 9.37 ± 0.44 cm and signifi cantly longer than the average root length of 35S:MtATB2 lines, which was 6.97 ± 0.45 cm ( P < 0.001). In conclusion, the ectopic expression of MtATB2 caused a reduced root growth as well as a decrease in nodule numbers.
Discussion
Developmental senescence in indeterminate nodules of the model legume M. truncatula follows an organized progression starting in a few infected plant cells in the middle of the fi xation zone, and is characterized by bacteroid decay and resorption and subsequent plant cell death ( Van de Velde et al. 2006 , Pérez-Guerra et al. 2010 . Presumably, nutrients are remobilized via uninfected cells to the vascular bundles in the peripheral layers. Central in the process is the expression of a small family of CPs that are induced at the start of the senescence in the infected cells and might be targeted to the symbiosomes ( Pérez- Guerra et al. 2010 ) . The corresponding genes are bona fi de markers for the senescence program. Several other 'senescence-up-regulated' tags, identifi ed in a transcriptome analysis, corresponded to potential TFs and were considered worth investigating. The present report deals with one of these TFs and highlights an interesting diffi culty in the interpretation of senescence-related gene expression.
The senescence-up-regulated tag TC115786 has led to the characterization of the gene MtATB2 , transcripts of which accumulated in aging nodules, as shown by qRT-PCR. The gene has no introns and encodes a protein with 74.8 % similarity to the Arabidopsis protein At ATB2/bZIP11, a member of the S class of bZIP TFs with a role in growth and development. Both At ATB2/bZIP11 and Mt ATB2 proteins have a-presumably bifunctional-basic domain for DNA binding that also contains a nuclear localization sequence and an unusually long bZIP domain. While AtATB2 is a single-copy gene, in M. truncatula another close relative was found. In Arabidopsis, AtATB2/bZIP11 transcription is induced by light and sucrose. The 5 ′ UTR contains four small ORFs, of which the second (SC)-uORF has been shown to be required for sucrose-induced repression of translation of the ATB2 ORF ( Wiese et al. 2004 ). Hence, AtATB2 / bZIP11 expression is subject to sucrose-mediated homeostasis and the TF itself regulates genes involved in amino acid metabolism ( Hanson et al. 2008 ) , thus possibly linking sugar signaling to nitrogen storage and transport. This gene is expressed mainly in vascular tissues of some newly established sinks, such as young cotyledons and seedlings, as well as in roots ( Rook et al. 1998a , Rook et al. 1998b .
The sequence similarities between At ATB2/bZIP11 and Mt ATB2 suggested that Mt ATB2 acts as a TF. Indeed, a protein fusion with eGFP was localized in the nucleus after transient expression in tobacco protoplasts, but a transactivation assay in yeast was negative. Mt ATB2 might either function as a repressor or need additional components to activate gene expression in yeast. Studies on At ATB2/bZIP11 support the latter hypothesis. Although strong activation activity of At ATB2/bZIP11 was seen in Arabidopsis protoplasts, only a very weak activation could be demonstrated in a yeast assay ( Ehlert et al. 2006 ) . Hence, both At ATB2/bZIP11 and Mt ATB2 probably lack some components for transcription activation in yeast.
A qRT-PCR analysis revealed basal MtATB2 transcript levels in roots, leaves and fl ower tissues, an overall picture that is very similar to AtATB2/bZIP11 expression ( Rook et al. 1998a ). As AtATB2/bZIP11 transcription has been shown to be regulated by light and sucrose ( Rook et al. 1998a , Rook et al. 1998b , the effects of light conditions and of sucrose addition were investigated on MtATB2 transcript levels in M. truncatula seedlings. When dark-grown seedlings were supplemented with 100 mM sucrose, a 4-fold induction of MtATB2 transcript levels was seen, and the MtATB2 transcript levels were 4.6-fold higher in seedlings germinated under light conditions than in those germinated in the dark. Addition of 20, 50 or 100 mM sucrose to light-grown seedlings resulted in a reduction of the MtATB2 transcript levels. Hence, under conditions of low sucrose, such as during dark treatment, sucrose can induce MtATB2 transcription. However, under conditions of sucrose excess, such as in light-grown seedlings, ectopic addition of sucrose has a negative effect on MtATB2 transcription. In Arabidopsis, sucrose negatively regulates AtATB2 expression at the translational level via the SC-uORF in its 5 ′ UTR ( Wiese et al. 2004 ). Also in MtATB2 , overlapping uORFs are present, of which the fi rst and second are highly similar to the respective uORFs of AtATB2 . Hence, translational control at high sucrose concentrations is likely, but remains to be investigated.
In situ expression analysis with a promoter-GUS reporter in transgenic roots showed GUS staining in and around vascular tissues of roots and nodules, and in root and nodule tips as well. This observation conforms to the AtATB2 expression in both vascular bundles and sink tissues of Arabidopsis ( Rook et al. 1998a , Rook et al. 1998b .
In Arabidopsis, the constitutive ectopic expression of AtATB2 caused symptoms of reduced growth, sterility and lethality ( Hanson et al. 2008 ) . Ectopic expression of MtATB2 in transgenic roots reduced root growth and nodulation when compared with control lines. Moreover, studies in Arabidopsis have shown that At ATB2/bZIP11 might be a node in a signaling network that activates genes in response to starvation ). More particularly, ASPARAGINE SYNTHASE 1 ( ASN1 ) and PROLINE DEHYDROGENASE 2 ( ProDH2 ) were found to be downstream targets of At ATB2/bZIP11, indicating that this transcription factor links amino acid metabolism to available sucrose levels ( Hanson et al. 2008 ) .
How is the MtATB2 expression connected to nodule functioning and especially nodule senescence? The MtATB2 transcript levels increased during nodule maturation and peaked at the late stage of senescence with a dramatic increase in fully senescent nodules 63 d after inoculation. The fi rst upregulation presumably refl ects nodule functioning and metabolic processes that occur in fi xing cells and that are not necessarily related to senescence. Similarly to its general role in plants, MtATB2 , especially at the nitrogen-fi xing stage, might sense incoming sucrose levels and adapt the cellular nodule activities in relation to available carbon sources. The strong increase in late senescence most probably refl ects a 'pseudo' induction provoked by gene transcription in peripheral tissues that stay alive and functional while the central tissues senesce. This explanation is enforced by the different behavior of the MtCP6 transcript levels that are specifi cally associated with senescence in fi xing cells and decrease at the fully senescent stage. MtCP6 is thought to have a very specifi c function in the sink-source transition process during early senescence ( Pérez-Guerra et al. 2010 ) . Similarly, the 2-fold induction of the MtATB2 transcript levels in senescing leaves might be due to the over-representation of mRNA from vascular bundles. Hence, qRT-PCR results concerning transcript up-regulation in senescing tissues should be handled with care and caution, and should always be verifi ed by in situ hybridization or promoter-GUS assays.
In conclusion, MtATB2 transcription is infl uenced by light and sucrose. Expression of the gene is associated with vascular tissues of roots and nodules and with nodule tips, whereas its ectopic expression caused a diminished root growth and nodule formation. Based on these data and the strong parallelism with the observations concerning the Arabidopsis AtATB2/bZIP11 gene, we hypothesize that Mt ATB2 is a general developmental TF with a role in nodules similar to that in the whole plant, namely regulation of downstream functions related to linking C metabolism and metabolite partitioning.
Materials and Methods
Biological material and constructs
Medicago truncatula A17 or J5 seeds were germinated and grown as described ( Mergaert et al. 2003 ) , and Sinorhizobium meliloti 2011 pBHR-monomeric red fl uorescent protein (mRFP) ( Smit et al. 2005 ) were grown and inoculated as described ( Mortier et al. 2010 ) .
For the qRT-PCR analysis, roots were infected with S. meliloti 2011 pBHR-mRFP and nodules were isolated at different developmental stages. To isolate nodules with different degrees of senescence, nodules of plants at 3-4 weeks post-inoculation were scored visually under a stereomicroscope by comparing the size of the green senescence zone with the size of the red fi xation zone. Nodules with the same level of senescence were grouped and used for RNA preparation. To analyze the expression during natural leaf senescence, leaves with different degrees of yellowing were collected from mature M. truncatula plants as indicated ( Fig. 3 ) .
The full-length ORF of MtATB2 was obtained via PCR on nodule cDNA with the primers 5 ′ -ATGGCTTCATCAAGTGGA-3 ′ and 5 ′ -TCAGTACTGCAGTATATCTGCA-3 ′ extended with the attB1 and attB2 primer sequences and cloned into the Gateway vector pDONR221. The LR reaction of this vector with pB7WG2D ( Karimi et al. 2002 ) resulted in the 35S:MtATB2 construct.
A 2.6 kb fragment, containing the 5 ′ UTR sequence and promoter sequence of MtATB2 was isolated via PCR on genomic DNA of M. truncatula J5 with the primers 5 ′ -TTCCAAAACA TAGACATTGTACCC-3 ′ and 5 ′ -CATGATGAGATATTAATTA ACTTGACC-3 ′ , extended with the attP1 and attP4 sequences and cloned into the Gateway vector pDONRP4P1. The LR reaction of this pK41GWS7 resulted in a reporter uidA fusion.
Agrobacterium rhizogenes -mediated root transformation
The binary vectors were introduced into A. rhizogenes Arqua1 by electroporation. Composite plants with transgenic roots were obtained with the protocol described by Mortier et al. (2010) . One main transgenic root was retained per composite plant and, 4 weeks after infection, plants were transferred to perlite-containing pots or pouches. At 3-7 d after planting, composite plants were inoculated with a S. meliloti 2011 pBHR-mRFP strain.
Statistical analysis
To estimate the genotype effects on the root length, the linear mixed model (random terms underlined) y = µ + Genotype + Experiment + ε , was fi tted to the data, where y represents the root length, µ the overall mean, Genotype the fi xed genotype effect, Experiment the random experimental effects, and ε the random error. Statistical signifi cance of genotype effects was assessed by a Wald test. For the nodule number, a generalized linear mixed model of the form y = µ + Genotype + Experiment + ε with a Poisson distribution and a logarithmic link was fi tted to the data. Again, statistical signifi cance of genotype effects was assessed by a Wald test. All analyses were done with Genstat ( http://www.vsni.co.uk/ software/genstat/ ).
To estimate the effect of genotype on the division of plants into different classes, fi rst a univariate general mixed model was fi tted to the data (class of nodules represented the dependent variable, genotype the fi xed genotype effect, and experiment the random experimental effects) to analyze whether the data could be pooled. Normality (KolmogorovSmirnov test) and homogeneity of variances (Levene test) were tested. When both parametric conditions were not achieved, a Mann-Whitney U test was done; when both parametric conditions were achieved, an analysis of variance between groups was applied. Analyses were done with the statistics program 17 (SPSS Inc., Chicago, IL, USA).
Subcellular localization of GFP fusion proteins in tobacco leaf epidermal cells
A 35S:GFP:MtATB2 construct was made via the LR reaction between the pK7WGF2 Gateway vector (Invitrogen) ( Karimi et al. 2002 ) and the pDONR221-MtATB2 plasmid. The construct was introduced into the Agrobacterium tumefaciens LBA4404 strain by electroporation.
A 5 ml culture grown for 2 d was centrifuged and the pellet was washed and resuspended in infi ltration buffer (50 mM MES, 2 mM Na 2 HPO 4 , 0.5 % glucose, pH 5.6) supplemented with 100 µM acetosyringone. With a needle-less 1 ml syringe, 1 ml of the culture (OD = 0.5) was injected into the lower epidermis of tobacco ( N. benthamiana ) leaves. The signal was controlled 3-5 d after infection by confocal microscopy. The transient expression was checked in two independently infi ltrated experiments and at least three biological repeats.
Transactivation assay in yeast
The GAL4-BD was fused to the ORFs of MtATB2 and AtE2Fa via a Gateway LR reaction between the pGBT9 vector (Clontech, Mountain View, CA, USA) and the pDONR221 vectors containing the ORF of the genes. The constructs and the empty vector were transformed in S. cerevisae MAV203 (Invitrogen) by heat shock transformation. This strain is defi cient in histidine biosynthesis and contains a HIS:UASGAL1 promoter fused to the HIS3 gene. The GAL4-BD binds to the HIS:UASGAL1 promoter. HIS3 is expressed upon transactivation by the fused transcriptional activator, leading to histidine biosynthesis and growth of yeast on minimal medium − His. Transformants were grown in SD medium (0.67 % yeast nitrogen base and 2 % glucose with appropriate amino acids) and diluted until OD = 0.1. A 3 µl aliquot was plated on histidine-free SD medium with 5, 10, 20, 40, 80 and 100 mM 3-AT. Yeast was grown on plates for 3 d at 30 ° C.
RNA extraction, cDNA synthesis and qRT-PCR analysis
RNA preparation, cDNA synthesis as well as qRT-PCR analysis were done as described previously ( Mortier et al. 2010 ) .
